The 2010 Dietary Guidelines recommended that Americans increase potassium and decrease sodium intakes to reduce the burden of hypertension. One reason why so few Americans meet the recommended potassium or sodium goals may be perceived or actual food costs. This study explored the monetary costs associated with potassium and sodium intakes using national food prices and a representative sample of US adults. Dietary intake data from the 2001-2002 National Health and Nutrition Examination Survey were merged with a national food prices database. In a population of 4,744 adults, the association between the energy-adjusted sodium and potassium intakes and the sodium-to-potassium ratio (Na:K), and energy-adjusted diet cost was evaluated. Diets that were more potassium-rich or had lower sodium-potassium ratios were associated with higher diet costs, while sodium intakes were not related to cost. The difference in diet cost among participants with highest and lowest potassium intakes was $1.49 (95% CI 1.29, 1.69). A foodlevel analysis showed that beans, potatoes, coffee, milk, bananas, citrus juices and carrots are frequently consumed and low-cost sources of potassium. Based on existing dietary data and current American eating habits, a potassium-dense diet was associated with higher diet costs, while sodium was not. Price interventions may be an effective approach to improve potassium intakes and reduce the Na:K ratio of the diet. The present methods helped identify some alternative low-cost foods that were effective in increasing potassium intakes. The identification and promotion of lower-cost foods to help individuals meet targeted dietary recommendations could accompany future dietary guidelines.
Introduction
Elevated blood pressure is among the leading risk factors for cardiovascular disease (CVD) and all-cause mortality. 1 Decreasing dietary sodium intakes lowers blood pressure and reduces CVD risk. [2] [3] [4] Increasing potassium intakes may partially blunt the impact of a highsodium diet on the development of high blood pressure. 5, 6 The 2010 Dietary Guidelines for Americans recommended that Americans increase potassium and simultaneously reduce sodium intakes. 7 There is evidence that the recommended dietary goals will prove to be a challenge for public health. 8 Based on 2003-2008 data, fewer than 0.015% of American adults jointly met the current dietary guidelines for potassium and sodium. 9 Over the past 30-40 years no segment of the population has simultaneously approached the recommended sodium and potassium intakes. 9 Current efforts have focused on reformulating the sodium content of processed and prepared foods, the largest contributors to sodium intakes in the US. [10] [11] [12] Population-wide efforts to increase potassium intakes remain elusive. Substituting potassium chloride for sodium chloride in processed foods is not a feasible option, given the bitter taste of potassium salts. 13 Further, persons with chronic kidney disease, end stage renal disease or those taking angiotensin-converting enzyme inhibitors and angiotensin receptor blockers that impair potassium excretion, may be adversely affected by excessive dietary potassium, limiting the utility of population-wide fortification or re-formulation. 14 The promotion of foods that are naturally high in potassium may be another way to lower the sodium-to-potassium ratio (Na:K) of the diet. 7 Increasing the consumption of fresh fruits, fruit juices, vegetables, dried fruits and nuts and seeds may help increase dietary potassium, while keeping sodium consumption low. However, many of the foods identified by the Dietary Guidelines as good sources of potassium, such as dark green vegetables and fresh fish, 7 tend to carry a price premium, that might make them less accessible to lowerincome groups. 15 Past studies have shown that potassium-rich diets were relatively more expensive than potassium-poor diets. 16 Furthermore, some of the foods identified as good sources of potassium are so infrequently consumed that they contribute minimal amounts of potassium to the population.
Evaluating the behavioral and economic feasibility of Dietary Guidelines is an important step in facilitating their implementation. Lower-income groups who suffer disproportionately from hypertension, other CVD risk factors, and heart disease may have limited social and economic resources. 17, 18 This study explored the economic dimension of potassium and sodium intakes among US adults, with an emphasis on identifying affordable food sources of dietary potassium as previous research characterized potassium as a comparatively more expensive nutrient of concern. 16 
Subjects and Methods

The National Health and Nutrition Examination Survey
The source of dietary intake data in the 2001-02 National Health and Nutrition Examination Survey (NHANES) was a single 24-hour dietary recall, where respondents reported all foods and beverages consumed the previous day, from midnight to midnight. The examination protocol and data collection methods are fully documented elsewhere. 19 The 24-hour recall data includes the portion and description of each individual food and beverage consumed. In addition to dietary data, NHANES includes in-depth demographic, health behavior and health outcome questionnaires. The use of this existing, publicly available data set did not qualify as "human subjects research" and was exempt from human subjects review by the University of Washington institutional review board.
Estimating Diet Cost
Methods used to merge the food prices database with the individual foods file of the NHANES data are provided in Rehm et al 2011. 20 Briefly, the Center for Nutrition Policy and Promotion (CNPP) price database, released in May of 2008, provided the cost per 1 gram edible portion of all foods and beverages reported in NHANES dietary recalls, excluding alcoholic beverages and water. 21 The prices were based on retail prices paid by members of the Nielsen Homescan Consumer Panel during the same period of 2001-2002 NHANES data collection and reflected the average prices paid by households across the US. In creating the database CNPP assumed that all foods and beverages were obtained from stores. Accordingly the database did not permit estimations of actual food expenditures. Rather, merging the CNPP database with the NHANES provided estimates of the monetary value of foods consumed, which can be used in assessing the "economic accessibility" of a healthy diet. Thus far, CNPP has only released food price databases corresponding to NHANES 2001-02 and 2003-04. More recent data is not available.
The estimated cost of the diet was computed from each individual's dietary recall by multiplying the price per gram with the portion of each food consumed and then summing these values for each participant. Diet cost was estimated for all foods and beverages including alcohol. Tap and bottled water were excluded from the price estimation.
Since the cost of the diet was highly correlated with the total quantity of food and energy consumed (r=0.65 for energy and r=0.49 for grams) and with each nutrient of interest (r=0.75 for sodium and r=0.71), energy-adjusted diet cost was computed and expressed per 2,000 kcal. The energy-adjusted cost variable is more meaningful when comparing subpopulations that may have different energy requirements or intakes.
Analytic Approach
Survey-weighted means and 95% confidence intervals of the nutrient density values and the Na:K ratio, and energy adjusted diet cost were estimated for each independent variable. Age-adjusted means were calculated using direct standardization. Primary stratification variables from the demographic questionnaire were age (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) , 45-64, 65-74, ≥75), gender, race/ethnicity (Mexican-American/Other Hispanic, Non-Hispanic White and Non-Hispanic Black), family income-to-poverty ratio (<2, 2-3.99 and ≥4) and education (<high school, high school graduate/equivalent, some college and college graduate). The MexicanAmerican/other Hispanic groups were combined due to small numbers in the other Hispanic group.
Family income-to-poverty ratio (IPR) adjusted for the number of adults and children in each family and is the ratio of the family income to the federal poverty level. For example, given the 2001 federal poverty level of $17,650 for a family of four, an IPR of 1.5 would correspond to an income of $26,476 for a family of this size. Analyses of education were limited to adults 25 years-old or greater, since most have completed their education by this point. Household food security was included as an additional independent variable. Individuals were dichotomized as being either fully food secure or food insecure.
Statistical heterogeneity in diet cost, Na:K ratio and sodium and potassium densities were assessed with a survey-weighted Wald test and trends in ordinal variables were assessed using a survey-weighted linear regression model with price as the outcome of interest, a categorical covariate to adjust for age and a grouped linear variable for the independent variable of interest (e.g., family income-to-poverty ratio (IPR) < 2 = 1, IPR 2-3.99 = 2, IPR ≥ 4 = 3).
Analyses of the association between energy-adjusted diet costs, potassium and sodium density, and the Na:K ratio, used survey-weighted linear regression models, with energyadjusted diet cost as the outcome and quintiles of the dietary factors of interest as the independent variable. Quintiles were constructed for each dietary variable using survey weights so that each quintile corresponds to 20% of the United States adult population. The initial models (Model 1) adjusted for age group, race/ethnicity and gender. A second model (Model 2) adjusted for family IPR in addition to previous noted variables, while a final model (Model 3) evaluated the additional inclusion of education (limited to adults aged ≥25y). Survey-weighted marginal means, representing the mean value at the average covariate distribution for the population of interest, were estimated after each model. The weighted median and inter-quartile range for energy-adjusted diet cost was estimated by sodium and potassium density and Na:K quintiles.
Pairwise comparisons were made between each quintile and the third quintile (reference group) for each analysis using a survey-weighted Wald test. Linear trends were evaluated by including a grouped linear variable for sodium and potassium density and the Na:K. Given concerns that the linear trend in diet cost by sodium quintile was influenced by the higher costs observed in the highest quintile, we conducted sensitivity analysis of the trend tests by omitting the highest quintile. Additional secondary analyses evaluated whether the association between sodium and potassium density and the Na:K varied by population subgroup (e.g., age group, gender, race/ethnicity, family income and education).
Identifying Low-cost sources of Potassium
A secondary food-based analysis was conducted with the goal of identifying the lowest-cost sources of 10% daily value for potassium (i.e., 350 mg) using food/beverage groups previously developed by the National Cancer Institute (NCI) for evaluating sources of key nutrients in the US. There were 96 food/beverage groupings. Examples of groups include yeast breads, onions, 100% orange/grapefruit juice and whole milk. 22 Authors of this study coded the NCI food groups using the Food and Nutrition Database for Dietary Studies 1.0. Potassium was the focus of this secondary analysis because we observed that potassium was highly cost-sensitive, but sodium was not. Therefore, decreasing sodium intakes is unlikely to have an economic component, but increasing potassium may. This analysis was restricted to foods/beverages groups that provided at least modest amounts of potassium per median serving size (>87.5 mg or 2.5% of the recommended daily allowance [RDA]), provided 10% of potassium RDA for less than 400 calories and that had an Na:K ratio less than or equal to 1.36 (the population mean). These food/beverages were selected because any amount of consumption would tend to lower the Na:K ratio. These analyses were performed for foods as reported by participants so they account for the frequency with which salt is added during preparation of foods (but not added at the table). Therefore these results may over-estimate the potential benefit of cooked vegetables or other foods where salt is added at the table on the Na:K ratio.
Identifying Foods Associated with favorable Na:K Ratio
In order to better understand what food groups were associated with the Na:K ratio a secondary analysis was conducted using the previously described food groups. The outcome of this analysis was the log-transformed Na:K ratio and covariates for age group, gender and energy were included. A partial least squares (PLS) regression model was fit which included a continuous variable scaled to the inter-quartile range (IQR) of grams consumed for that food group amongst those consuming that food group, and adjustment variables for total energy, age group and gender. For example, for reduced fat milks, the inter-quartile range was 335.5 grams (25 th %ile=122.0 g/day and 75 th %ile=457.5 g/day). This approach was used as opposed to survey-weighted least squares because the PLS regression can account for the correlations between food groups. 23 A PLS model was used since the consumption of many foods are highly correlated with each other (e.g., fried potato and hamburger) and a standard regression model can only accommodate a limited set of covariates. The Wald statistic was estimated by dividing the regression coefficient and standard error and results are presented for foods significantly (p<0.05) associated with a lower Na:K ratio.
All analyses of the association between nutrient intakes and diet cost were survey-weighted to account for the complex sampling scheme of NHANES and were conducted using Stata 12.0 (College Station, TX, 2011). The secondary PLS analysis used SIMCA-P (UMETRICS, Umeå, Sweden).
Results
Diet cost, potassium and sodium density, and the Na:K ratio by socio-demographic group
In descriptive analyses, on a per-calorie basis, older adults tended to consume more potassium and sodium, but had lower Na:K ratios (Table 1) . Women consumed more potassium than men (2715 mg/d, 95% confidence interval [CI] 2641, 2790 vs. 2562 mg/d, 95% CI 2499, 2625), but no difference was observed for sodium or Na:K ratio. The Mexican-American/other Hispanic group consumed the most potassium (2704 mg/d, 95% CI 2625, 2780) and least sodium (2997 mg/d, 95% CI 2883, 3111), while non-Hispanic whites had the most expensive diets on a per-calorie basis ($4.53/d, 95% CI 4.39, 4.68). The non-Hispanic black population consumed the least potassium (2294 mg/d, 95% CI 2239, 2349) and had the most unfavorable (highest) Na:K ratio (1.52, 95% CI 1.46, 1.58) and lowest energy-adjusted diet costs. High family income to poverty ratio was associated with higher potassium intake (p-trend<0.001), lower Na:K ratio (p-trend=0.003) and higher energy-adjusted diet costs (p-trend<0.001). Individuals with less education tended to consume less potassium (p-trend=0.001) and had marginally higher Na:K ratios (ptrend=0.009) and lower-cost diets (p-trend<0.001). However, adults with higher education tended to consume more sodium than those with less education (p-trend=0.023). Individuals living in households with any degree of food insecurity consumed less potassium, and had higher Na:K ratio and lower-cost diets than individuals living in fully food secure households.
The association between diet costs, sodium and potassium density, and the Na:K ratio
In survey-weighted linear regression models, higher potassium density was systematically associated with higher energy-adjusted diet costs. Persons consuming more than 3350 mg or potassium per 2,000 kcal had diets that cost on average +39% (95% CI 35, 42) or $1.50/d (95% confidence interval [CI] 1.33, 1.66) more than those consuming fewer than 1814 mg of potassium/2000 kcal ( Table 2 ). The association between potassium density and diet costs was robust, as adjusting for family income-to-poverty ratio and education did not alter the association.
Lower Na:K ratio was systematically associated with diet cost. Persons with Na:K ratios <0.84 had diets that cost on average +21% (95% CI 17, 25) or $0.91/d (95% CI 0.75, 1.08) more than those with a Na:K ratio of more than 1.79 ( Table 2 ). The association between Na:K ratio and diet cost was statistically robust. Adjusting for IPR and education did not alter the observed association.
The association between low Na:K ratio and higher diet costs was not driven by sodium. There was evidence that diet cost increased at higher levels of sodium intakes. Individuals in the highest sodium quintile (≥3927 mg per 2000 kcal) had mean diet costs that were approximately +9% (95% CI 5, 14%) or $0.35 (95% CI 0.15, 0.55) more costly than individuals in the lowest sodium quintile. The relation between the Na:K ratio and diet costs was driven largely by the strong relation between potassium and diet cost. Secondary analyses adjusting for both measures of nutrient density simultaneously yielded similar results to those presented here.
The association between diet costs and the Na:K ratio and sodium and potassium density did not differ by age group, race/ethnicity, family income, or education. Table S1 describes the gender-specific association between diet cost and the dietary outcomes of interest adjusted for age group and race/ethnicity. The association between diet cost and potassium density varied by gender (p-value for interaction term=0.019), while sodium density did not vary significantly by gender (p-value for interaction term=0.09). Women consuming greater than 3350 mg potassium per 2,000 kcal had diet costs that were $1.77/d (95% CI 1.51, 2.02) higher or 46% (95% CI 40, 52) more costly per day than those women consuming less than 1814 mg of potassium per 2,000 kcal. For men, a positive association was also observed, but it was weaker (+$1.14/d [95% CI 0.95, 1.33] or +30% [95% CI 24, 35] comparing those with the most potassium rich diets to those consuming the least potassium). The association between diet cost and the Na:K ratio did not vary by gender (p-value for interaction term = 0.59).
Lowest cost potassium sources
A food-based analysis (Table 3 ) was conducted to identify the lowest-cost sources of potassium. The cheapest sources of dietary potassium were dried beans, followed by white potatoes and coffee. Milk, bananas, fried potatoes, and sweet potatoes were also inexpensive sources of potassium. Foods that would have the lowest-cost impact on Na:K ratio would be coffee, bananas, dried fruit, fruits juices and melon, because these items contain negligible amounts of sodium. Various varieties of milk were also inexpensive sources of potassium.
The association between Na-K ratio and food groups
Forty-one food/beverage groups were significantly associated with a decreased Na:K ratio. Consuming approximately 187g (i.e., 0.33 cups) of 100% orange/grapefruit juice was associated with a 10.5% decrease (95 CI 8.6, 12.5) in the Na:K ratio. Consumption of 444 g of coffee (coffee + water) was associated with a 8.4% decrease (95% CI 5.3, 11.5) in the Na:K ratio, while 335.5 g of reduced fat milk was associated with a 5.6% decrease (95% CI 3.9, 7.2) in the Na:K ratio. Additional foods associated with a lower Na:K ratios are provided in Figure 1 and Supplemental Table 2 .
Discussion
This is the first report to characterize the monetary cost of diets based on potassium, sodium and Na:K ratios in a nationally representative sample of US adults. Given the growing body of poor adherence to recommended intakes of sodium and potassium, evaluations of potential barriers to increasing potassium intake and reducing sodium intake are warranted 9, 24 . Here, diets with more potassium and lower Na:K ratios were associated with higher energy-adjusted diet costs. The association remained after adjusting socioeconomic status and was not sensitive to adjustment for additional factors such as body mass index. Higher intake of sodium was related to higher diet costs, though the significant linear trend was driven by high diet costs in the highest sodium density group.
In other analyses, we found that some individuals are able to achieve higher potassium density and lower Na:K ratios at relatively low cost. For example, one-quarter of US adults were able to achieve a lower Na:K ratio for less than $3.73/d, which is comparable to the median cost estimate for those consuming the highest Na:K ratio diets. While the overall direction of the relationship observed here is consistent, there is much individual variability in the relation between diet cost, nutrient density and Na:K ratio. Future work should identify those population sub-groups or dietary patterns associated with achievement of more healthful diets for lower cost. 25 Such information may facilitate the provision of dietary recommendations that account for potential economic constraints.
While our results are robust, some discussion of the absolute and relative size of the observed associations is warranted. The observed absolute difference between the extreme quintiles was $1.4-1.50/d for potassium density and $0.85-0.91/d for Na:K ratio. While these amounts may seem trivial, placing them in context is key. First, the differences in diet cost presented here are per-person per-day and would correspond to approximately $511-547.50 per-person per-year or $1022-1095 for a two-adult household for potassium density. Furthermore, the prices here are in 2001-2002 dollars and would be much greater today. In relative terms, increasing potassium intake from the lowest to highest quartile corresponds to a 36-39% increase in diet cost. The lack of a positive association between higher diet costs and higher dietary sodium density costs suggests, under current eating patterns, that reducing sodium can likely be done without an increase in diet costs.
Implications for practice and policy
The 2010 Dietary Guidelines identified the most potassium-rich foods in the US food supply. 7 However, these potassium-rich foods were not ranked by cost or consumer acceptance. The present analyses, based on observed consumption patterns, identified the most acceptable and affordable foods that were linked with favorable Na:K ratios. Among the fruits, vegetables, and milk products associated with lower Na:K ratios were bananas, citrus fruit and juices, and other juices but also coffee, milk (whole and skim), fried potatoes and dried beans. While some of these foods have been previously identified as good potassium sources, 7, 26 the relative ranking of these foods based on their association with a lower Na:K ratio, while respecting actual dietary habits of the population is novel (Figure 1 ). While vegetables are often recommended as a means to improve diet quality, 7 they may be less effective in reducing the Na:K ratio than fruits, since sodium is often added during preparation or at the table.
The present analyses make a unique contribution in identifying affordable sources of dietary potassium that can be incorporated into practical dietary advice. Arguably milk, fruit juice, beans and potatoes are more affordable and will appeal to a broader cross section of consumers than beet greens, carrot juice, canned clams or halibut, all foods highlighted in the Dietary Guidelines. 3 Listings of relative cost and frequency of consumption of the recommended foods may help nutrition and medical professionals offer more effective and practical dietary advice.
Limitations and methodological considerations
This study had important limitations. First, deriving diet costs using a national food prices database may not reflect the actual prices for food paid by individual NHANES participants. This is similar to the weakness inherent in deriving nutrient intakes from nutrient composition databases, which do not reflect potential heterogeneity in the nutrient levels of foods actually consumed. Despite limitations in the use of standard prices database, it represents a meaningful source of information on food prices that can be linked to individual data on diets and health. 27 A related concern leading us to interpret these results cautiously is that actual consumer behavior and the importance of cost to consumers was unmeasured. While we did observe a robust association between diet cost and potassium density and Na:K ratio, we could not ascertain that price was a key motivator of food choice in this sample of adults. Previous research has indicated that food costs trail only taste as a the main determinants of food choice, 28 and a recent trials in the US, Europe and New Zealand have indicated that price promotions on healthier foods, including fruits and vegetables, increases the purchasing and consumption of these foods. [29] [30] [31] In addition, between 2008 and 2012, the combination of rising food costs and falling real incomes in the United Kingdom coincided with increases in purchasing of energy-dense foods and reductions in fruit purchasing. 32 Second, a single 24-h recall does not measure an individual's habitual intake. However, data from a single 24-h recall are useful for examining population-level means and provide useful information on the association between diet cost and dietary constituents in a single-day. Third, the NHANES 24-hour recall does not directly assess salt added at the table, but does evaluate the regularity of salt use in cooking or at the table. 19 The reported sodium intakes suffer from a definite underestimate and the reported Na:K ratio may be an under-estimate of the true Na:K ratio in the population. The absence of accurate data on salt added at the table may lead to an over-stating of the benefits of some foods as they relate to the Na:K ratio, including cooked vegetables and beans. Sodium had little impact on diet costs and it is unlikely that dramatic differences in the use of table salt explain the robust association between the Na:K ratio and diet costs. Lastly, while the Na:K ratio, and sodium and potassium density, represent important components of a healthful diet, they should not be viewed in isolation of other components of diet quality. With regards to the association between Na:K ratio, potassium density and diet costs, there appears to be a consistent association between higher diet costs and multiple indicators of diet quality, including the 2005 Healthy Eating Index, Alternative Healthy Eating Index, adherence to Dietary Approaches to Stopping Hypertension (DASH) diet pattern and energy density of the diet. 20, 25, 33, 34 The secondary analyses identifying the lowest cost sources of potassium and foods associated with lower Na:K ratios did not account for factors that may be negatively associated with diet quality, including trans fatty acids and added sugars. For example, consumption of coffee may be associated with use of added sugars or fats, so universal advice to increase coffee intake based on these results alone is not warranted.
Identifying those foods and beverages that provide optimal nutrition at lowest cost remains an important avenue of research. The higher cost of healthful diets may be one mechanism contributing to diet-related disparities. 35 The potential role of diet costs as they relate to disparities in CVD risk factors, especially among lower income groups, is an important topic for further research. Data such as these can also be used to identify components of diets that deviate from the observed cost and quality gradient.
Conclusion
Improving diet is a critical component of population-level strategies to reduce the burden of chronic diseases. 36 We observed that diets beneficial for blood pressure and cardiovascular health tended to be more costly. Future work should focus on identifying lower-cost and socially acceptable foods that can be part of a dietary pattern supportive of a diet that reduce the burden of hypertension and CVD. The identification of the lowest-cost sources of potassium may be particularly useful in the provision of advice to patients or individuals with limited resources. Dietary guidelines intended for individuals and populations could consider issues of food accessibility, acceptability, preparation challenges, and economic constraints -though data, such as these, can be used to place guidelines and recommendations within the proper context.
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What is known about this topic
• A diet high in potassium and low in sodium is recommended to control hypertension, but too few US adults consume the recommended amounts of either nutrient.
• Food cost is an established determinant of food choices and previous observational research has shown that individuals consuming higher-cost diets are likely to have higher quality diets.
• Less is known regarding the association between diet cost and specific hypertension-related nutrients of concern.
What this study adds
• Using nationally representative data, we observed that high potassium diets tended to be more costly than a low potassium diets. Sodium intakes were not uniformly related to diet costs, but adults consuming diets with a low sodium-topotassium ratio also had higher cost diets.
• In a food-level analysis we identified frequently consumed and lowest cost sources of potassium, including dried beans, white potatoes, coffee, milk and bananas. Table 1 Age-adjusted mean energy-adjusted daily diet cost, potassium and sodium density, and sodium-to-potassium ratio by socio-demographic strata among US Values in this table correspond to the survey-weighted age-adjusted mean diet cost, sodium density, potassium density and sodium-to-potassium ratio. Age-adjustment was undertaken using direct standardization by age group using weights from the 2000 US Standard Population.
1
Age group results are not age-adjusted.
2
P-values for trend were obtained from a survey-weighted linear regression model treating ordered variables as continuous variables.
3
P-values for difference were obtained from a Wald test from a survey-weighted linear regression and indicate any overall significant difference. 
